Introduction {#S0001}
============

Esophageal squamous cell carcinoma (ESCC), the predominant type of esophageal carcinoma, carries a poor prognosis and a low survival rate.[@CIT0001]--[@CIT0004] Effective tumor markers will play an important role in early diagnosis, treatment monitoring and prognosis evaluation of ESCC.

Although a few of advances have been achieved in the early diagnosis and treatment of ESCC, the tumor invasion and metastasis are the main causes resulting in death.[@CIT0005] The invasion and metastasis abilities of tumor cells are obtained mainly through the epithelial-mesenchymal transformation (EMT) process.[@CIT0006] EMT involves genes changes in tumor cells and epigenetic, which are closely related to tumor invasion and metastasis.[@CIT0007] Therefore, invasion, metastasis and EMT are the key periods in ESCC progress.

PI3K/Akt and Wnt/β-catenin signaling pathways are currently widely studied, which play an important role in cell survival, regeneration and apoptosis inhibition.[@CIT0008],[@CIT0009] Glycogen synthase kinase 3β (GSK-3β), an AKT signaling target, functions in diverse cellular processes including proliferation, differentiation, motility and survival.[@CIT0010] A recent research showed that knockdown of AKT1/2 suppressed cell proliferation and induced cell apoptosis in KYSE70, 450 and 510 ESCC cell lines. Meanwhile, the GSK-3β expression was downregulated.[@CIT0011] Xue et al proved that blocking Wnt/β-catenin pathway could significantly inhibit cell proliferation and metastasis and promote cell apoptosis in ESCC.[@CIT0012] Therefore, the critical molecules that belong to these two signaling pathways may be of great significance in ESCC treatment.

β-arrestins, members of the arrestin family of proteins, consist of β-arrestin1 and β-arrestin2. β-arrestins are widely expressed intracellular adaptor and scaffolding proteins involved in the regulation of G Protein-Coupled Receptor (GPCR) desensitization, internalization, intracellular trafficking, and G protein-independent signaling.[@CIT0013] Meanwhile, β-arrestins can act as signaling molecules which play a critical role in regulating metabolic functions.[@CIT0014] Recent researches showed that β-arrestins widely involved in the tumor progression.[@CIT0015] A research indicated that β-arrestin1 could promote cell and tumor growth in prostate cancer.[@CIT0016] Niu et al demonstrated that β-arrestin1 could regulate cholesterol metabolism via the Akt-dependent pathway.[@CIT0017] Moreover, β-arrestin1 could modulate EMT and GSK-3β/β-catenin signaling pathway in prostate cancer.[@CIT0018]

Based on the researches above, the present study aims to investigate the effect of β-arrestin1 on cell proliferation, invasion, migration and tumor growth in ESCC, and to provide a theoretical basis for the early prevention and treatment of ESCC.

Materials and Methods {#S0002}
=====================

Cell Culture {#S0002-S2001}
------------

HEEC, TE-1, ECA-109, KYSE-410 and KYSE-520 cell lines were purchased from the Institute of Biochemistry and Cell Biology (Shanghai, China). All cells lines were cultured in RPMI 1640 medium (Gibco, USA) containing 10% FBS and 1% Penicillin/Streptomycin solution at 37°C in a humidified incubator with 5% CO~2~.

Xenograft Tumor Experiment {#S0002-S2002}
--------------------------

BALB/c nude mice (4--6 weeks old) were purchased from the Shanghai Laboratory Animal Center (Shanghai, CN). ECA-109 cells transfected with β-arrestin1, NC or sh-β-arrestin1, sh-NC or β-arrestin1+LY294002 were collected after 24 h of incubation. Then 5×10^6^ cells were subcutaneously injected into the hip back of mice. Every 5 days, the tumor xenografts were excised from 5 mice. Then, tumor volume and weight were measured. The tumor volumes were analyzed using the following formula: tumor volume (mm^3^) = width (mm^2^) × length (mm)/2. The research project is approved by the Ethics Committee of People' Hospital of Central District of Jinan. All animal experiments were conducted according to the ethical guidelines of People' Hospital of Central District of Jinan and the "3R" principle.

RNA Isolation and qRT-PCR {#S0002-S2003}
-------------------------

Total RNA extraction from tumor tissues and cells was conducted with the Trizol reagent kit (Invitrogen, USA) according to the manufacturer's protocol. The corresponding cDNA performed using the reverse transcription Kit (Thermo Fisher Scientific, USA). qPCR assay was performed using SYBR Premix Ex Taq™ (TaKaRa, Japan) according to the instructions. PCR conditions were as follows: pre-denaturing at 95°C for 3 min, 40 cycles of denaturing at 95°C for 20 sec, annealing at 60°C for 40 sec, and polymerization at 72°C for 30 sec. U6 and GAPDH were used as internal controls. The relative gene expression levels were calculated using the 2^−ΔΔCt^ method. All experiments were performed in triplicate.

Cell Viability Assay (Cell Count Kit-8 Assay) {#S0002-S2004}
---------------------------------------------

Cell proliferation was measured by Cell Counting Kit-8 assay (CCK-8 assay, Beyotime, Shanghai, CN). Following the indicated transfection, cells at a density of 4×10^3^ cells/per well were seeded into 96-well plates with three replicates and incubated in a humidified incubator for 24, 48 or 72h. Subsequently, 10μL CCK-8 solution and 90μL of complete medium were added to each well and cultured at 37°C for 1 h. The absorbance at a wavelength of 450nm was detected using a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA).

Immunohistochemistry Assay {#S0002-S2005}
--------------------------

The tumor tissue samples were prepared using 4% paraformaldehyde, then embedded in paraffin after dehydration. The tissues were sectioned into 4 μm slides, followed by dewaxing, hydration and heating in citrate buffer. Then, the endogenous peroxidase activity was blocked with 3% hydrogen peroxide for 10 min. The slides were incubated with anti-β-arrestin1 at 4 °C overnight after incubating with 5% goat serum for 0.5h. After immersing 3 times with PBST, the sections were incubated with secondary antibodies for 20 min at 37°C. Finally, a DAB substrate kit was used to visualize the β-arrestin1. Images were captured under a microscope.

Would Healing {#S0002-S2006}
-------------

Cells (4×105 cells/well) were cultured in 6-well plates for 24 h. When confluence reached \~100%, a vertical line was scraped in the cell monolayer using a 10-µL pipette tip. The dead cells were washed twice with PBS and serum-free medium was added. At the designated times (0 h and 72 h), the area of migration was measured using a light microscope.

Trans-Well Invasion Assay {#S0002-S2007}
-------------------------

According to the manufacturer's protocol, cell invasion assays were performed using Matrigel invasion chamber. A 100-µL cell suspension (5×10^5^/mL in FBS-free medium) was seeded in the upper chambers and 1mL medium containing 10% FBS was added to the lower chambers. After 24h, the cells remaining in the upper chamber were removed and inserts were fixed in methanol for 10 min. Then, the cells were stained with 0.1% crystal violet for 30 min. The number of invasive cells was counted under a light microscope.

Western Blot Assay {#S0002-S2008}
------------------

Total proteins were isolated from the cultured cells or tumor xenografts using Radio-Immunoprecipitation Assay (RIPA). Then, the protein concentrations were determined using a BCA protein assay kit (Beyotime, CN). Equal amount of protein was separated using 10% SDS-PAGE, transferred onto PVDF membranes and blocked in 5% non-fat milk for 1h. Then the membranes were incubated over night at 4 °C with the following primary antibodies: β-arrestin1, p-AKT, AKT, p-GSK3β, GSK3β, β-catenin, cyclinD1, CDK2, P21, MMP2, MMP9, E-cad, N-cad, vimentin, SANI1 and GAPDH. Next, the membranes were incubated with peroxidase-conjugated secondary antibodies for 1.5h at room temperature. The proteins were visualized with an enhanced chemiluminescence reagent.

Statistical Analysis {#S0002-S2009}
--------------------

Statistical analysis was performed using GraphPad Prism 6.01 software (GraphPad Software Inc.). Differences among three or more groups were analyzed by one- way analysis of variance (one-way ANOVA) followed by Tukey's post hoc test and all quantitative data were presented as mean ± standard deviation. A p-value of less than 0.05 was considered to indicate a statistically significant difference.

Results {#S0003}
=======

β-Arrestin1 Is Aberrantly Upregulated in Human ESCC Tissues and Cell Lines and Regulates the AKT/GSK3β/β-Catenin Signaling Pathway {#S0003-S2001}
----------------------------------------------------------------------------------------------------------------------------------

To confirm that β-arrestin1 was differentially expressed in ESCC, Western blot was applied to determine the expression level of β-arrestin1 in ESCC tissues and cell lines. As shown in [Figure 1A](#F0001){ref-type="fig"}, β-arrestin1 was highly expressed in ESCC tissues compared with adjacent normal tissues. Besides, β-arrestin1 expression levels were detected in the four ESCC cell lines TE-1, ECA-109, KYSE-410 and KYSE-520, and a normal esophageal epithelial cell line HEEC. As demonstrated in [Figure 1B](#F0001){ref-type="fig"}, β-arrestin1 expression levels were higher in ESCC cell lines compared with those in HEEC cells, and β-arrestin1 expression level in ECA-109 was the most obvious among them.Figure 1β-arrestin1 is aberrantly upregulated in human ESCC tissues and cell lines and regulates the AKT/GSK3β/β-catenin signaling pathway. (**A**) Western Blot analysis of β-arrestin1 expression in tumor tissues and adjacent normal tissues in patients with ESCC. (**B**) Western Blot analysis of β-arrestin1 expression in the four ESCC cell lines TE-1, ECA-109, KYSE-410 and KYSE-520, and a normal esophageal epithelial cell line HEEC. (**C**) ECA-109 cells were transfected with sh-NC, sh-β-arrestin1-1 and sh-β-arrestin1-2, and the expression of β-arrestin1 was determined using Western blot. (**D**) ECA-109 cells were transfected with pcDNA-NC and pcDNA-β-arrestin1, and the expression of β-arrestin1 was determined using Western blot. (**E**) The protein expressions of p-AKT, AKT, p-GSK3β, GSK3β and β-catenin were measured by Western blotting assay. (**F**) Quantified evaluation of p-AKT, AKT, p-GSK3β, GSK3β and β-catenin. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 vs control group. ^\#^*P*\<0.05, ^\#\#\#^*P*\<0.001 vs pcDNA-β-arrestin1 group.

In order to investigate how β-arrestin1 regulates the signaling associated with cellular processes, transfection of sh-β-arrestin1 or pcDNA-β-arrestin1 into ECA-109 cells was used to investigate the functional role of β-arrestin1. As shown in [Figure 1C](#F0001){ref-type="fig"} and [D](#F0001){ref-type="fig"}, β-arrestin1 expression was significantly downregulated in ECA-109 cells transfected with sh-β-arrestin1 compared with the shRNA group. By contrast, β-arrestin1 expression was markedly upregulated by transfecting with pcDNA-β-arrestin1. As presented in [Figure 1E](#F0001){ref-type="fig"} and [F](#F0001){ref-type="fig"}, the effects of β-arrestin1 on AKT/GSK3β/β-catenin signaling pathway were determined by Western Blot and qPCR. The results revealed that inhibition of β-arrestin1 decreased the levels of p-AKT, p- GSK3β and β-catenin. Also, β-arrestin1 overexpression significantly promoted AKT/GSK3β/β-catenin pathway activation, while LY294002 (a PI3K inhibitor) could reverse the effect of pcDNA-β-arrestin1.

β-Arrestin1 Regulates Proliferation, Migration, Invasion and EMT of ESCC Cells {#S0003-S2002}
------------------------------------------------------------------------------

To evaluate the role of β-arrestin1 in ESCC cell proliferation, the cell viability was evaluated by CCK-8 assay ([Figure 2A](#F0002){ref-type="fig"}). Cell growth curve assay revealed that cells transfected with pcDNA-β-arrestin1 grew more rapidly than the control group, while sh-β-arrestin1 inhibited the cell growth compared to the control. Furthermore, LY294002 inhibited the effect of β-arrestin1. In order to explain the effect of β-arrestin1 on cell proliferation, we further examined the expression of several cell-cycle regulatory proteins. The results showed that the expression level of CyclinD1 and CDK2 were positively related to the expression level of β-arrestin1 ([Figure 2B](#F0002){ref-type="fig"}), while p21 was negatively related to β-arrestin1 expression.Figure 2β-arrestin1 regulates proliferation, migration, invasion and EMT of ESCC cells. (**A**) The cell proliferation ability was determined by Cell Counting kit-8 (CCK-8) assay. (**B**) The protein expressions of cyclinD1, CDK2 and p21 were measured by Western blotting assay. (**C**) Wound healing assays were performed to determine cell migration. (**D**) Quantitative results regarding the cell migration. (**E**) Trans-well assays were performed to determine cell invasion. (**F**) Quantitative results regarding the cell invasion. (**G**) The protein levels of MMP2 and MMP9 were measured by Western blotting assay. (**H**) The protein levels of E-cad, N-cad, vimentin and SANI1 were measured by Western blotting assay. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 vs control group. ^\#^*P*\<0.05, ^\#\#^*P*\<0.01, ^\#\#\#^*P*\<0.001 vs pcDNA-β-arrestin1 group.

To assess the role of β-arrestin1 on the migration and invasion of ESCC cells, three different approaches were performed. Firstly, wound healing assay was used to evaluate the migration of ESCC cells ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). Relative ratios of wound closures were markedly promoted after transfected with β-arrestin1 plasmid. While sh-β-arrestin1 and LY294002 inhibited the cell migration. Secondly, transwell assay was applied to investigate the role of β-arrestin1 on cell invasion. In the invasion assay, sh-β-arrestin1 transfected cells showed a decreased invasive ability while overexpression of β-arrestin1 significantly promoted the invasion of ESCC cells ([Figure 2E](#F0002){ref-type="fig"} and [F](#F0002){ref-type="fig"}). We also found that β-arrestin1 significantly increased the expressions of MMP2 and MMP9 in Western Blot ([Figure 2G](#F0002){ref-type="fig"}). Besides, knockdown of β-arrestin1 inhibited the protein levels of MMP2 and MMP9. All the effects of β-arrestin1 on cell migration and invasion were reversed by LY294002.

To assess the effect of β-arrestin1 on EMT, the protein expression of E-cad, N-cad, vimentin and SANI1 was checked in ESCC cells using Western Blot. Our study found that overexpression of β-arrestin1 significantly increased the protein expression of N-cad, vimentin and SANI1, and reduced the expression of E-cad ([Figure 2H](#F0002){ref-type="fig"}). However, knockdown of β-arrestin1 showed an opposite effect and LY294002 could inhibit the effect of β-arrestin1 on cell EMT.

β-Arrestin1 Regulates Tumor Growth in vivo Model of ESCC {#S0003-S2003}
--------------------------------------------------------

The vivo model of ESCC was applied to further examine the potential role of β-arrestin1. As shown in [Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}, compared with the control group, β-arrestin1 expression was significantly downregulated in vivo model of ESCC after transfection with sh-β-arrestin1-1. By contrast, β-arrestin1 expression was markedly upregulated in vivo model of ESCC after transfection with pcDNA-β-arrestin1. To examine the expression of β-arrestin1 in ESCC xenografts, tissues were analyzed using IHC. The IHC results in [Figure 3C](#F0003){ref-type="fig"} showed a significant loss of β-arrestin1 expression in sh-β-arrestin1 group compared with the control group, which was reversed by pcDNA-β-arrestin1 treatment. Whereas, LY294002 could reduce the expression of β-arrestin1. As shown in [Figure 3D](#F0003){ref-type="fig"}--[F](#F0003){ref-type="fig"}, monitoring of tumor growth for approximately 20d post-injection revealed a significant reduction in growth in sh-β-arrestin1 group compared with the control group, which was reversed in pcDNA-β-arrestin1 group. In addition, LY294002 inhibited the effect of β-arrestin1 on promoting tumor growth.Figure 3β-arrestin1 regulates tumor growth in vivo model of ESCC. (**A**) β-arrestin1 expression level in vivo model of ESCC after transfection with sh-NC, sh-β-arrestin1-1 and sh-β-arrestin1-2 was determined using Western blot. (**B**) β-arrestin1 expression level in vivo model of ESCC after transfection with pcDNA-NC and pcDNA-β-arrestin1 was determined using Western blot. (**C**) β-arrestin1 level was determined using immunohistochemistry assay. (**D**) Photographs of tumor tissues from different groups. (**E**) Growth curves of tumor volumes in xenografts of nude mice were determined based on tumor volume measured every 5 days. (**F**) Growth curves of tumor weights in xenografts of nude mice were determined based on tumor weight detected every 5 days. \*\**P*\<0.01, \*\*\**P*\<0.001 vs control group. ^\#^*P*\<0.05, ^\#\#^ *P*\<0.01, ^\#\#\#^*P*\<0.001 vs pcDNA-β-arrestin1 group.

β-Arrestin1 Regulates Tumor Migration and Invasion in vivo Model of ESCC {#S0003-S2004}
------------------------------------------------------------------------

To evaluate the effects of β-arrestin1 on tumor migration and invasion in vivo model of ESCC, the related proteins were examined by Western Blot. The data suggested that β-arrestin1 increased the protein levels of MMP2, MMP9, N-cad, vimentin and SANI1, and reduced the expression of E-cad ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}). β-arrestin1 interference and LY294002 inhibited the tumor migration and invasion in vivo. All the results described above were consistent with the results in vitro.Figure 4β-arrestin1 regulates tumor migration and invasion in vivo model of ESCC. (**A**) The protein levels of β-arrestin1, MMP2 and MMP9 were measured by Western blotting assay. (**B**) The protein expressions of E-cad, N-cad, vimentin and SANI1 were measured by Western blotting assay. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 vs control group. ^\#^*P*\<0.05, ^\#\#\#^*P*\<0.001 vs pcDNA-β-arrestin1 group.

Discussion {#S0004}
==========

ESCC is one of the most fatal malignant tumors in digestive system. Although researches in the early diagnosis of ESCC, as well as surgical treatment, local and systemic adjuvant therapy and other aspects have made a great advance, the morbidity and mortality of esophageal squamous cell carcinomas remain high. And the tumor invasion and metastasis are still the main causes for the patients' deaths.[@CIT0001],[@CIT0003],[@CIT0005] In recent years, researches showed a sharp relationship between β-arrestin1 and pathological courses of various tumors.[@CIT0019],[@CIT0020] This study revealed that the protein level of β-arrestin1 was drastically higher in ESCC tissues than in adjacent tissues. Besides, the expression difference in tissues was consistent with it between ESCC cells and normal esophageal epithelial cells.

The fact that PI3K/Akt and Wnt/β-catenin pathways are closely associated with cancers has been commonly known. PI3K/Akt and Wnt/β-catenin signaling pathway inhibitors, as newly emerged targeted drugs in recent years, provide a new treatment scheme for various common tumors.[@CIT0021],[@CIT0022] Moreover, researches indicated that β-arrestin1 could affect Akt-dependent pathway and GSK-3β/β-catenin signaling.[@CIT0017],[@CIT0018] We evaluated that overexpression of β-arrestin1 markedly promoted the activation of AKT/GSK3β/β-catenin pathway, while knockdown of β-arrestin1 reversed this effect.

Recently, it has been demonstrated that β-arrestin1 could promote the proliferation of prostate cancer cells, while downregulation of β-arrestin 1 suppressed glioblastoma cell malignant progression.[@CIT0016],[@CIT0023] Similarly, our results revealed that pcDNA-β-arrestin1 improved ESCC cell proliferation and tissue growth of transplanted tumors. EMT has been regarded as a crucial factor for the development of metastasis of human tumors.[@CIT0024] Wang et al studied that β-arrestin 1 was strikingly correlated with lymph nodal metastasis and pathological lymph nodal staging.[@CIT0025] As expected, the results revealed that β-arrestin1 could promote the migration and invasion of ESCC cells. What's more, β-arrestin1 accelerated the process of EMT in ESCC cells and subcutaneous xenotransplanted tumors, while β-arrestin1 interference could inhibit migration, invasion and process of EMT in ESCC.

Our current study is an investigation of the potential significance and biological mechanisms of β-arrestin 1 in ESCC. We will further use our cell and tissue samples to verify other effects of β-arrestin 1. Our data revealed that β-arrestin 1 could affect the development of ESCC by regulating AKT/GSK3β/β-catenin pathway, which may provide a novel strategy in ESCC treatment.
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